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Cumulative absolute velocity (CAV), defined as the integral of the absolute
acceleration time series, has been used as an index to indicate the possible
onset of structural damage to nuclear power plant facilities and liquefaction of
saturated soils. However, there are very few available ground motion
prediction equations for this intensity measure. In this study, we developed a
new empirical prediction equation for the horizontal component of CAV using
the strong motion database and functional forms that were used to develop
similar prediction equations for peak response parameters as part of the PEER
Next Generation Attenuation (NGA) Project. We consider this relationship to
be valid for magnitudes ranging from 5.0 up to 7.5-8.5 (depending on fault
mechanism) and distances ranging from 0—200 km. We found the interevent,
intra-event, and intracomponent standard deviations from this relationship to
be smaller than any intensity measure we have investigated thus
far. [DOI: 10.1193/1.3457158]

INTRODUCTION

Cumulative absolute velocity (CAV), which is defined as the integral of the absolute
value of the acceleration time series, is represented mathematically by the equation
(EPRI 1988):

tmax
(:Av=f0 la(t)|dt (1)

where |a(t)] is the absolute value of the acceleration time series at time t and ty,y is the
total duration of the time series. Figure 1 shows a hypothetical acceleration time series and
the corresponding value of CAV as it evolves over time. In this figure, CAV is the summation
of the shaded areas. It is evident from the definition of CAV that its value increases with time
until it reaches its maximum value at t,,,,. Therefore, CAV includes the cumulative effects of
ground motion duration. This is a key advantage of CAV over peak response parameters and
is one of the reasons that EPRI (1988) found it to be the instrumental intensity measure that
best correlated with the onset of structural damage to engineered structures. However, it
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Figure 1. lllustration of the definition of CAV showing its evolution with time (modified from
EPRI 1988).

should be noted that CAV does not account for the timing of the arrival of the different
phases of energy such as a large velocity pulse.

Although named the cumulative absolute velocity, CAV is not directly related to the
ground motion velocity, v(t), although it does have units of velocity. The name cumula-
tive absolute velocity comes from the recognition that, since v(t)=[a(t)dt, the integral
over acceleration in Equation 1 can be rewritten as the following summation of incre-
mental (i.e., peak-to-valley and valley-to-peak) velocities, regardless of sign, in the ve-
locity time series (EPRI 1988):

N
CAV =2 |Ayj| (2)
i=1

where Avy; is the ith value of incremental velocity in the time series and N is the total num-
ber of incremental velocities.

CAV was initially developed and proposed by EPRI (1988) as an index to indicate
the onset of structural damage to engineered structures. Since then several variants of
CAV have been proposed that are believed to be better suited to specific engineering
applications. EPRI (1991) proposed a standardized version of CAV, denoted herein as
CAV¢1p, that excluded any nonoverlapping one-second interval of a recording, inclusive of
the endpoints, in which the peak acceleration was less than 0.025 g (Figure 1). In this way,
non-damaging portions of long, small-amplitude acceleration records were prevented from
contributing to CAV. The U.S. Nuclear Regulatory Commission (USNRC 1997) subse-
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quently adopted CAV¢7p as the ground motion intensity measure used to determine whether
a nuclear power plant must be shut down if the Operating Basis Earthquake (OBE) response
spectrum is exceeded in an earthquake. EPRI (2006) developed a ground motion prediction
equation (GMPE) for CAV¢rp using the Pacific Earthquake Engineering Research Center
Next Generation Attenuation (PEER-NGA) strong motion database and, together with
Watson-Lamprey and Abrahamson (2007), proposed the use of a minimum value of
CAVsrp to exclude small magnitude (non-damaging) earthquakes from contributing to a
probabilistic seismic hazard analysis (PSHA). Kramer and Mitchell (2006) found that a ver-
sion of CAV that excludes those acceleration pulses with accelerations less than 5 cm/sec?
(0.005 g) was the best intensity measure to relate to the generation of excess porewater pres-
sure in potentially liquefiable soils. They refer to this CAV intensity measure as CAV5 and
demonstrated its predictability by developing a GMPE using a subset of the PEER-NGA da-
tabase.

CAV has been shown to correlate indirectly with damage through its strong relation-
ship with other proposed damage indices. Cabafias et al. (1997) found a strong relation-
ship between a modified version of CAVg¢rp, with a cutoff of 20 cm/sec? (~0.02 g) in-
stead of 0.025 g, with both the local macroseismic intensity and the damage level of
structures observed during four earthquakes in Italy. Koliopoulos et al. (1998) developed re-
lationships between CAV, local macroseismic intensity, and Housner Intensity (Housner
1959) using recordings from the Greek strong motion database and found a strong correla-
tion with Housner Intensity (coefficient of determination of R?=0.78). Kostov (2005) used
several strong motion databases in Europe to correlate CAVrp With macroseismic intensity,
magnitude, and distance and concluded that it was a better predictor than PGA of the ex-
pected damage from scenario earthquakes at a nuclear power plant in Bulgaria. Klgel et al.
(2006) suggested that CAV could be used to define the ductile (low cycle fatigue) failure
mode condition of structures and components and recommended that it be used to scale
ground motions for scenario earthquakes used in ductile design. Danciu and Tselentis (2007)
used recordings from the Greek strong motion database to develop a GMPE for CAV and
found that it had the smallest standard deviation of any of the peak response and energy re-
lated intensity measures that they evaluated, including PGV, Arias Intensity (Arias 1970),
Housner Intensity, and root-mean-square acceleration. Martinez-Rueda et al. (2008) corre-
lated CAV with Housner Intensity using the European strong motion database and found a
strong correlation (R?=0.81) between these two intensity measures. Tselentis and Danciu
(2008) developed relationships between local macroseismic intensity and CAV from earth-
quakes in Greece and found that the correlation, as measured by the standard deviation (they
did not report R?), was greatly improved by including magnitude, distance, and site condi-
tions in the relationship.

Although CAV has not yet been used in any engineering applications as CAVgrp and
CAV; have, Campbell and Bozorgnia (2010) showed that, compared to these other versions,
CAV is relatively stable and predictable. The decrease in stability of CAVgrp and CAVs is
caused by the relatively large number of zero values and the rapid decrease in values near the
acceleration threshold. This makes CAV suitable for use in developing a base GMPE from
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Figure 2. Distribution of recordings with respect to moment magnitude (M) and rupture dis-
tance (Rgyp)-

which reliable estimates of CAVsrp and CAV; can be derived (e.g., Campbell and Bozo-
rgnia 2010). Alternatively, Stafford (2008) has proposed a random-effects method that can be
used to account for these zero values.

The GMPE for CAV developed in this paper builds on a four-year multidisciplinary
study that was sponsored by PEER to develop Next Generation Attenuation (NGA) re-
lationships for shallow crustal earthquakes in active tectonic regions (Power et al. 2008).
This study is currently referred to as the NGA-West Project. The new CAV relationship
complements our existing NGA-West relationships for peak ground acceleration (PGA),
peak ground velocity (PGV), peak ground displacement (PGD), 5%-damped linear-
elastic response-spectral acceleration (PSA), and inelastic response-spectral acceleration
(Campbell and Bozorgnia 2008; Bozorgnia et al. 2010). It uses the same functional form
as these peak response relationships, but despite its duration component, the analysis of
residuals and statistical metrics shown later in the paper indicate that this functional
form is sufficient. However, it is possible that other functional forms could provide an
even better fit to the data. Lacking any compelling evidence to the contrary, we prefer to
use the same functional form for CAV as we used previously for peak response param-
eters.

DATABASE

The database used in this study is the same subset of the PEER-NGA strong motion
database (Chiou et al. 2008) that we used to develop our NGA-West empirical GMPEs
(Campbell and Bozorgnia 2007, 2008). It consists of 1,561 recordings from 64 earth-
quakes with moment magnitudes ranging from 4.3 to 7.9 and rupture distances ranging
from 0.1 to 199 km (Figure 2). Details regarding the database are available in Campbell and
Bozorgnia (2007, 2008). A complete list of the selected earthquakes and recording stations is
provided in Appendix A of Campbell and Bozorgnia (2007).
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The ground motion component used to define CAV in this study is the geometric
mean of the two as-recorded horizontal components, hereafter referred to as CAVgy.
Therefore, CAVgy is undefined if any one of the horizontal components is missing. This
definition of the horizontal geometric mean is different from the GMRotl50 horizontal com-
ponent used in the NGA-West Project (Boore et al. 2006), which is an orientation-
independent version of the geometric mean.

GROUND MOTION PREDICTION EQUATION

MEDIAN MODEL

Our CAV¢gy GMPE uses the functional forms from the NGA-West Project (Campbell
and Bozorgnia 2007, 2008). The median GMPE is given by the following general equation:

In CAVGM = fmag + fdis + fflt + fhng + fsite + fsed (3)
where the magnitude term is given by the expression,

Co+C1M; M=<55
fmag = § Co + C1M + Co(M = 5.5); 55<M <65 (4)
CotciM+cy(M=55)+cz(M-6.5); M>65

the distance term is given by the expression,

fais = (C4 + csM)In(y Réup + szs) (5)
the style-of-faulting (fault mechanism) term is given by the expressions,
fie = C7Fruffitz + CsFm (6)
Zior, Ztor <1
fuz=p (7)
1 Zror=1
the hanging-wall term is given by the expressions,
1:hng = Cthng,thng,thng,thng,6 (8)
1; R;g=0
fhng,r = | [Max(Rryp, \ Ris+ 1) — Rjgl/max(Reyp, VR +1); Ry >0,Z7or <1
(Rrup = Ryg)/Rrup; Ris>0,Z7r=1
9)
0; M=<6.0
fhngm =12(M - 6.0); 6.0 <M <6.5 (10)

1; M=6.5
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o Z1or = 20 (11)
hng,Z - (20 - ZTOR)/ZO’ 0 = ZTOR < 20
A 1; |8 <70 (12)
M0 | [90~[4f)/20; |8l >70

the shallow site response term is given by the expression,

,
V vV n
Cio In(%) + kz{ |nlA1100 + C(%) 1 = In[Ag30 + C]}; V30 < kg
1 1
\Y
fsite = Qo+ km)ln(%); k1 < Vs3p < 1100
1
1100
(Clo + an)In(_>a Vg3 = 1100
\ ks
(13)

and the basin response (sediment depth) term is given by the expression

C11(Z25-1); Z5<1
feeq =10; 1<Z,5<3 (14)
Ciokae 071 - e70Bs3]; 7, >3

In the above equations, In CAV gy, is the predicted median value of CAVgy (g-sec); M
is moment magnitude; Rgp is the closest distance to the coseismic rupture plane (km); Rjg
is the closest distance to the surface projection of the coseismic rupture plane (km); Fgy is an
indicator variable representing reverse and reverse-oblique faulting (Fgry=1 for 30° <A
< 150°, Fry=0 otherwise, and A is rake angle defined as the average angle of slip measured
in the plane of rupture between the strike direction and the slip vector); Fyy is an indicator
variable representing normal and normal-oblique faulting (Fyy=1 for —150° <A <-30°
and Fyu=0 otherwise); Ztog is the depth to the top of the coseismic rupture plane (km);
| 6| =90° is the absolute value of the angle of dip of the rupture plane measured from hori-
zontal; Vgg is the time-averaged shear-wave velocity in the top 30 m of the site (m/sec);
A1100 is the median estimate of the geometric mean horizontal component of PGA on a rock
outcrop with V530=1100 m/sec (g); and Z, 5 is the depth to the 2.5 km/sec shear-wave ve-
locity horizon, typically referred to as basin or sediment depth (km). We investigated using
the value of CAVgy on rock instead of A;4qg as the ground motion parameter in the nonlin-
ear site response term, but found that the statistical metrics of the regression analysis were
not improved. The empirical coefficients were determined using the random-effects regres-
sion algorithms of Abrahamson and Youngs (1992), assuming constant variance as justified
by Campbell and Bozorgnia (2008). The coefficients are listed in Table 1. This table also lists
the coefficients of the PGA relationship of Campbell and Bozorgnia (2008), which can be
used to estimate A1

We were able to empirically fit the coefficients k; and k, that were theoretically con-
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Table 1. Coefficients for the median and aleatory uncertainty models of CAVgy and PGA

Coeff. ~ CAVgy  PGA  Coeff.  CAVgy PGA Coeff.  CAVgy  PGA

Co -4354  -1715 Co 0.362 0.490 Oin AF 0300  0.300
C 0.942 0.500 Cio 2.549 1.058 Oiny 0371 0478
c, -0.178  -0.530 Cit 0.090 0.040 Tiny 0196 0219
Cs -0.346  -0.262 Ciz 1.277 0.610 oc 0089  0.166
Cs -1.309  -2.118 K, 400% 865 or 0420 0526
Cs 0.087 0.170 ks -2690  -1.186° o 0429 0551
Co 7.24 5.60 Ks 1.0° 1.839° p 0735 1000
¢, 0.111 0.280 c 1.88° 1.88° — — —

Cs -0.108  -0.120 n 1.18° 1.18° — — —

Note: PGA has units of g, CAVgy has units of g-sec, and standard deviations are in natural log units. Coefficients for
PGA are from Campbell and Bozorgnia (2008).

®k, was constrained to 400 because its statistically derived value of 397 was statistically indistinguishable from
the smallest theoretical value adopted by Campbell and Bozorgnia (2008).

® These coefficients were theoretically constrained in the regression (Campbell and Bozorgnia, 2008).

“k3 was arbitrarily set to 1.0 because no theoretical constraint was available. It was included as a parameter to be
consistent with the original GMPE of Campbell and Bozorgnia (2008).

strained in the NGA-West GMPE. A hypothesis test determined that the theoretical value
for ky of 400 used for PGV and PSA (T=1 sec) in our previous study was not signifi-
cantly different at the 99% confidence level from the empirically derived value of 397 in this
study. Therefore, we adopted the theoretical value for k;, noting that there is no proven the-
oretical basis for it, and performed a second regression analysis to determine the remaining
empirical coefficients. The value of the theoretical coefficient k; from the original NGA-
West GMPE has no theoretical basis in the current study and was arbitrarily set to 1.0. The
coefficients n and ¢ in Equation 13 could not be empirically determined due to their statis-
tical instability. As a result, their theoretical values were adopted from the original NGA-
West GMPE. All of the empirical regression coefficients were found to be significant at the
90% confidence level based on their asymptotic standard errors. An R? value of 0.94 indi-
cates that a relatively large proportion of the variability in the data is accounted for by the
model.

ALEATORY UNCERTAINTY MODEL

The aleatory uncertainty model for CAVgy, is defined by the following random-effects
equation (Campbell and Bozorgnia 2008):

IN(CAVgp)i; = IN(CAVg)ij + 7 + & (15)

where 7; is the interevent residual for event i and where In(CAVgy)jj, IN(CAVgy);;, and
&jj are the predicted median value, observed value, and intra-event residual for recording j of
event i. The independent normally distributed variables #; and &;; have zero means and es-
timated interevent, intra-event, and total standard deviations (7, o, and o, respectively)
given by the equations:
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T= TinCAVgy, (16)
o= \/O-Izn(CAVGM)B + et azo'lzn(PGA)B + 20p0in(CAV s TIn(PGA), (17)
or=Vo?+ 7 (18)

where 7, CAVg is the standard deviation of the interevent residuals; Tin(CAV g
=(a?, CAVgy ™ n Ap) 2 is the estimated intraevent standard deviation of In CAVg), at the
base of the site profile; Tin CAVgy, is the standard deviation of the intra-event residuals;
o ar= 0.3 is the estimated standard deviation of the site amplification factor In AF=f,
assuming linear site response; mn(pGA)B:(ofn pea— 0 ap) 2 is the estimated intra-event
standard deviation of In PGA at the base of the site profile; o, pga is the estimated intraevent
standard deviation of In PGA,; p is the correlation coefficient between the intra-event residu-
als of In CAVgy, and In PGA; and « is the linearized functional relationship between f;, and
In A1100, Which is estimated from the partial derivative ofg/ 9 In A;199 according to the ex-
pression:

0 Vs = kg (19)

The value for oy, or Was assumed to be the same as that used by Campbell and Bozo-
rgnia (2008) for peak response parameters because of its nearly constant value of approxi-
mately 0.3 over a relatively large period range (Bazzurro and Cornell, 2004). We recognize
that these results might not extend to an intensity measure that incorporates duration and will
address this in a future study.

o= {sznoo{[Anoo +¢(Vs3/ky)"T™ = (Ag100+ €)Y} V3o < kg

For some applications, engineers need an estimate of the aleatory uncertainty of the
arbitrary horizontal component of ground motion (Baker and Cornell 2006). The stan-
dard deviation of this component can be calculated from the equation:

Oarb = U‘ZI' + 0% (20)

where o is the intracomponent standard deviation of the two horizontal components of
ground motion given by the expression (Boore 2005):

N
1
0t = = (nyy=Inyz)” (21)
=1

in which yj; is the value of the ground motion parameter for component i of recording j
and N is the total number of recordings. The coefficients and standard deviations for
ground motions subject to linear site response (i.e., for Vgzo=Kk; or small values of A;1qq)
in Equations 16-21, along with those for PGA (needed to estimate A;1p9 and oy, pga) from
Campbell and Bozorgnia (2008), are listed in Table 1. A Kolmogorov-Smirnov test indicated
that the hypothesis that the interevent, intra-event, and total residuals are normally distributed
could not be rejected at the 10% significance level.
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Figure 3. Distributions of interevent and intra-event residuals with respect to moment magni-
tude (M) and intra-event residuals with respect to rupture distance (Rgyp), median PGA on rock
(A1100), 30-m shear wave velocity (Vs3) binned by NEHRP Site Class, and sediment depth (Z, 5).

MODEL VERIFICATION AND EVALUATION
Figure 3 shows the distributions of the interevent and intra-event residuals of

In CAV¢y with respect to M, Rgyp, Vsso, A1100, and Z, 5. These plots confirm that there are
no significant biases or trends between the residuals and those predictor variables that were
included in the regression analysis. Similar results (not shown) were found for &, N, Zop,
and fy,q. Figure 4 shows how the median estimates of CAV), scale with respect to Rgyp, M,
fault mechanism (Fgy and Fyy, for both footwall and hanging-wall sites), NEHRP Site Class,
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Figure 4. Median predicted values of CAVg), with respect to rupture distance (Rgyp), moment
magnitude (M), fault mechanism for footwall sites (SS, strike slip; RV, reverse; NM, normal), fault
mechanism for hanging-wall sites, NEHRP Site Class, and sediment depth (Z, 5). Unless otherwise
noted, CAVgy is evaluated for M=7.5, vertical strike-slip faulting (6=90°), surface faulting
(Z1op=0), NEHRP Site Class BC (Vg3,=760 m/sec), and Z,5=2 km.

and Z, 5. In these plots, NEHRP Site Classes B, C, D, and E are evaluated for 30-m shear-
wave velocities of Vg3,=1070, 525, 255, and 150 m/sec, respectively, which corresponds to
the median estimate (logarithmic average) of Vg3, for each site class (BSSC 2004).

Figure 5 demonstrates the dependence of the predicted site amplification on A;1q0
and Z, 5. The plots with respect to A9 Show the affect of soil nonlinearity on the predicted
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Figure 5. Predicted site effects for CAVgy: (left) amplification factors for NEHRP Site Classes B,
C, D, and E (see text for associated values of Vgg); (right) amplification factors for sediment depths
(Z,5) ranging between 0 and 10 km.

shallow site response for NEHRP Site Classes D and E. Figure 6 shows the dependence of
the intra-event and total standard deviations on A1qg, Which shows the affect of soil nonlin-
earity on the variability of CAV¢)y, for NEHRP Site Classes D and E.

DISCUSSION

We are only aware of one published GMPE based on the original definition of CAV
that we can use to compare with ours (Danciu and Tselentis 2007, hereafter referred to
as DTO7). This GMPE was developed using the Greek recordings of the European strong
motion database. A direct comparison of this relationship with ours is problematic, since
it uses epicentral distance as the distance metric, whereas, ours uses closest distance to
the coseismic rupture plane. To reduce the impact of these two distance measures, we
plot each GMPE against R;g assuming a vertical strike-slip fault. DTO7 derived a pseudo

0.45 T —T—TT T T T 0.50
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0.40F
§ D
5 § - 1
= = E = .
® 0.35F  |ntra-event 1 & 045 Site Class B, C i
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Figure 6. Standard deviations (natural log units) for CAVgy, showing their dependence on non-
linear site response for NEHRP Site Classes B, C, D, and E (see text for associated values of Vg3):
(a) interevent and intra-event standard deviations; (b) total standard deviations.
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Figure 7. Comparison of the GMPE for CAVg)y developed in this study [CB10] with that for
CAV developed by Danciu and Tselentis (2007) from shallow crustal earthquakes in Greece [DT07]
for M=5, 6, and 7 (bottom to top). See the text for a discussion of how the relationships were
evaluated.

depth of 14 km from their regression analysis that approximately accounts for source depth
and finite faulting effects. We used a variable depth-to-top of rupture (Zogr) of 10 km for M
5.0, 5 km for M 6.0, and 0 for M 7.0 in our relationship to approximately account for the
expected depth distribution of shallow crustal earthquakes. DTO7 defined three site catego-
ries to account for local site effects. We evaluated their GMPE for their site category C
(Vg30=360-665 m/sec) and our relationship for NEHRP Site Class C (Vg3
=525 m/sec) and Z,5=2 km.

The two relationships are compared in Figure 7. This plot shows that there is rela-
tively good agreement between the two relationships at small magnitudes, but a lack of
magnitude saturation causes DTO7 to predict much higher amplitudes close in to large
magnitude earthquakes, where data are lacking in the Greek database. The values of 7,
o, and oy reported by DTO7 (after converting to natural logs) are 0.24, 0.58, and 0.63,
respectively. These values are 22%, 56%, and 50% higher than our standard deviations.

One of the more significant results of this study is the statistical robustness of
CAV\, Which is better than any of the peak response parameters that we have evaluated
thus far (Campbell and Bozorgnia 2008; Bozorgnia et al. 2010). DTO7 found a similar result.
Prior to this study, the smallest standard deviations that we had found were for PGA, PGV,
and PSA (T =0.02 sec). Table 1 shows that there is a reduction of 11% in the interevent
standard deviation, 22% in the intra-event standard deviation, 20% in the total standard de-
viation, 46% in the intracomponent standard deviation, and 22% in the arbitrary horizontal
component standard deviation of In CAVg), as compared to In PGA. The largest reduction is
found for the intracomponent standard deviation. In the terminology of performance-based
seismic hazard, these results indicate that CAVg), has a higher level of predictability than
traditional peak response parameters (Shome and Cornell 1999).
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Several studies have confirmed that the NGA-West GMPEs are generally consistent
with strong motion data from shallow crustal earthquakes in active tectonic regions
throughout the world. These regions include Europe and the Mediterranean region
(Campbell and Bozorgnia 2006; Stafford et al. 2008; Peru$ and Fajfar 2010), Taiwan
(Lin 2007), Italy (Scasserra et al. 2009), and Iran (Shoja-Taheri et al. 2010). Unpub-
lished results from similar ongoing studies are finding similar results for shallow crustal
earthquakes in western Canada, New Zealand, Japan, and Latin America. Therefore, we
suggest that the GMPE for CAVg), developed in this study can be used in active tectonic
regions worldwide. However, in order to estimate CAV ), in another type of tectonic region,
either a new GMPE will need to be developed for this region or the relationship developed in
this study will need to be modified to better represent its attenuation characteristics. This
could be done using the same hybrid-empirical, stochastic simulation, and numerical mod-
eling methods that have been used to develop GMPEs for eastern North America (see Pe-
tersen et al. 2008 for a list of these relationships).

Arias Intensity (Al), defined as the integral of the square of the acceleration time
series, has been used more often than CAV as an intensity measure by engineers. How-
ever, Danciu and Tselentis (2007) developed GMPEs for both In Al and In CAV and
found that the standard deviation was almost twice as high for In Al. A preliminary re-
gression analysis of In Al using our database produced the same finding, even though the
R? value of 0.92 indicated a good fit to the data. Kramer and Mitchell (2006) found a
50% increase in the standard deviation of In Al compared to In CAV;. These results sug-
gest that CAV has significantly higher predictability than Al and should be considered as an
alternative to Al in future engineering applications.

CONCLUSIONS

Like the NGA-West relationships that precede them, the GMPE for CAVg), presented
in this paper represents a significant advancement in the empirical prediction of ground mo-
tion for use in engineering and seismology. It incorporates such important features as non-
linear magnitude scaling, magnitude-dependent attenuation, style of faulting, depth of rup-
ture, hanging-wall effects, shallow linear and nonlinear site response, basin response, and
amplitude-dependent (nonlinear) intra-event aleatory uncertainty.

We consider the relationships developed in this study to be appropriate for shallow
crustal continental earthquakes in active tectonic regions throughout the world. They are
most reliable when the predictor variables are limited to the following values: (1) M
>5.0, (2) M <8.5 for strike-slip faulting, M < 8.0 for reverse faulting, and M <7.5 for
normal faulting; (3) Rgyp <100 km for M < 7.0 and Rgp <200 km for larger magnitudes;
(4) Vs30=150-1500 m/sec or, alternatively, NEHRP Site Classes B (Vs3,=1070 m/s), C
(V530:525 m/S), D (Vs30:255 m/S) and E (V530:150 m/S), (5) Zz_5<10 km, (6)
Z1or <15 km; and (7) |8|=15-90°. The recommended upper magnitude limits represent
an extrapolation of approximately 0.5 from the largest magnitude of each type of fault
mechanism in our database. We believe that this extrapolation is justified given the relation-
ship’s strong empirical scaling constraints and unbiased interevent residuals at large magni-
tudes. We also have extended the applicable range of some of the other predictor variables
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beyond the limits of the data when we believe that the relationships have been adequately
constrained either empirically or theoretically (Campbell and Bozorgnia 2007, 2008).

The aleatory uncertainty associated with CAVgy is significantly smaller than that
found for Arias Intensity or any peak response parameter that we have studied thus far. This
makes it a good base model from which to develop GMPEs for other CAV intensity mea-
sures that have already been used in specific engineering applications, such as CAVgrp
(EPRI 1991; USNRC 1997) and CAV;5 (Kramer and Mitchell 2006). The development of
relationships between CAVg), and these latter two CAV intensity measures will be the topic
of a future study).
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